Rats trained to relocate a particular corner in a rectangular arena systematically confound the correct corner and the diametrically opposite one-this rotational error demonstrates the use of the geometry of space (i.e., the spatial arrangement of the different components of a visual scene). In many cases, geometric information is preferentially used over other spatial cues, suggesting the presence of a dedicated geometric module located in the parahippocampus [1] and processing only geometric information. Since rotational errors were first demonstrated in 1986 [2], the use of the geometry of space has attracted great interest and now seems to be widespread in vertebrate species, including humans [3] . Until now, rotational errors have only been considered in vertebrate species. Here, for the first time, rotational errors are demonstrated in an insect. Our results, similar to those obtained with vertebrates, can be parsimoniously explained by a view-based matching strategy well known in insects, thereby challenging the hypothesis of a ''geometric module'' located in the animal's brain. While introducing a new concept of flexibility in the view-based matching theory, this study creates a link between two major topics of animal navigation: rotational errors in vertebrates and view-based navigation in insects.
Rats trained to relocate a particular corner in a rectangular arena systematically confound the correct corner and the diametrically opposite one-this rotational error demonstrates the use of the geometry of space (i.e., the spatial arrangement of the different components of a visual scene). In many cases, geometric information is preferentially used over other spatial cues, suggesting the presence of a dedicated geometric module located in the parahippocampus [1] and processing only geometric information. Since rotational errors were first demonstrated in 1986 [2] , the use of the geometry of space has attracted great interest and now seems to be widespread in vertebrate species, including humans [3] . Until now, rotational errors have only been considered in vertebrate species. Here, for the first time, rotational errors are demonstrated in an insect. Our results, similar to those obtained with vertebrates, can be parsimoniously explained by a view-based matching strategy well known in insects, thereby challenging the hypothesis of a ''geometric module'' located in the animal's brain. While introducing a new concept of flexibility in the view-based matching theory, this study creates a link between two major topics of animal navigation: rotational errors in vertebrates and view-based navigation in insects.
Results and Discussion
As with Vertebrates, Ants Can Rely on the Geometry of Space The first demonstration that animals can use geometric information provided by the shape of their environment to find a hidden goal came from a set of reorientation tasks in rats [2] placed in a rectangular arena, a paradigm still much used today. A key property of such a rectangular environment is that each corner stands in the same geometric relation with the entire arena as the corner diametrically opposite to it ( Figure 1 ). Disorientated in the center of the rectangular arena, some vertebrates trained to relocate a particular corner systematically display rotational errors (i.e., they confound the correct corner with the diametrically opposite one), showing that they rely on the geometric information of their surroundings for reorientation.
We adapted Cheng's paradigm for testing rats [2] to the neotropical ant, Gigantiops destructor. This species, which has the largest eyes of any ant species [4] , is known for its remarkable view-based navigational capacities. On their natural solitary foraging excursions, workers of Gigantiops do not use chemical trails and can cover distances up to 20 m through the extremely cluttered environment of the rain forest [5] . In our laboratory experiments, the ants performed their outbound trip in a channel toward a foraging site where a living Drosophila was provided. When their prey had been caught and killed, loaded ants were disorientated in the center of a rectangular arena and had to reach one of the four exit holes drilled in the corners to return to their remote nest. In this first set of experiments, whichever exit the ant chose led back to the nest: this procedure is called nondifferential conditioning. Each ant performed 35 successive trips: the first five trips were not recorded and were considered as ''training,'' whereas two measures were collected for each of the 30 following trips: (1) their initial approach to a corner and (2) the exit chosen ( Figure 1B ).
In the first experiment, the rectangular arena was simply put on a table in the experimental room, allowing the ants to see distal cues beyond the arena. Ants managed to systematically return to one preferred corner (preferred / three others: p % 3.85075E-12), peculiar to each individual, among the four available, and displayed no significant rotational errors (rotational errors / errors: p R 0.5) (Figure 2A ). Because no internal cue from the arena allowed them to distinguish between a corner and the diametrically opposite one, these systematic choices could only be explained by the use of extra-arena visual cues or some compass cue such as a magnetic compass. In any case, these results indicate that Gigantiops ants spontaneously tended to always return to an individual preferred corner, although all four exits led them back to the nest. Indeed, some visual ant species are solitary central-place foragers, and although they do not use chemical trails, they have been shown to repeatedly follow the same two-way individual routes when navigating back and forth between their nest and a foraging place [6] [7] [8] [9] . This first experiment did not reveal whether the ants use geometry or not.
In a second experiment, all four exits still led to the nest (nondifferential conditioning), but the arena was covered by an opaque plastic dome throughout experimentation, preventing ants from seeing any extra-arena cues in the experimental room. The dome was lit up by white circline fluorescent lighting to create diffuse isotropic illumination in the whole arena. In these visually controlled conditions, ants reached their preferred exit as often as the diametrically opposite one (rotational errors / errors: p % 0.0023; rotational errors / preferred: p R 0.5716) ( Figure 2B ). Two conclusions can be drawn from these results. First, the extra-arena cues used by ants in the first experiment were visual and not some internal inertial or geocentric cue such as a magnetic compass. Second, Gigantiops ants displayed systematic rotational errors in much the same way as many vertebrates in rectangular experimental spaces.
The Use of Features and Geometry Could Be Explained by a View-Based Matching Strategy To find out whether nongeometric or featural cues can be used, we then added featural information to the geometric shape of the space by providing from the first trip of each *Correspondence: wystrach@cict.fr ant a distinct black shape in each corner of the arena. Ants and bees are well known for recognizing patterns or landmarks, especially when they are close to the nest entrance, as in our experiments [10] [11] [12] . The shapes used in the present work have been chosen in order to be easily distinguishable by the foragers as seen from the center of the arena (45 cm away). These shapes have an approximate angular size of 12 degrees at a distance of 45 cm, and foragers of Gigantiops have been shown to perceive and move toward small circular black targets having an angular size of 1 degree at a distance of 50 cm (see Materials and Methods in [6] ). These ants can also distinguish and memorize vertical black targets of 2 degrees angular width on a white background [13] . Thus, the presence of these four distinctive black shapes should have allowed ants to distinguish between the arena's two geometrically equivalent locations that the extra-arena cues allowed them to distinguish between during the course of the first experiment. But, surprisingly, ants still displayed systematic rotational errors (rotational errors / errors: p % 0.0145; preferred / rotational errors: p R 0.0987) ( Figure 2C ) in the presence of the conspicuous shapes placed directly above the exit holes, revealing that they preferentially used the global shape of the arena to get back home. Although a nondifferential conditioning procedure was used in the present experiment (i.e., all corners were rewarding because they all led ants back to the nest), the fact that ants displayed rotational errors but avoided the two other errors implies that they were relocating a particular place. So why have they used only geometric information and not the conspicuous targeting features? Would a differential conditioning procedure favor the learning of featural information?
We then tested other ants in the same visual conditions with a differential conditioning procedure [14, 15] . In that case, three of the four exits led to a closed tube and only one exit led back to the nest. Thus, only the use of featural information could allow ants to find the correct route home and avoid dead ends. Here, in contrast to the results obtained from nondifferential conditioning, the ants displayed no significant rotational errors and largely succeeded in choosing the correct exit hole (rotational errors / errors: p R 0.125; preferred / three others: p % 6.00717E-11) ( Figure 2D ). These results confirm that ants can recognize and use the black shapes in the corners as navigational cues. Interestingly, the ants displayed systematic rotational errors in their initial approach to a corner (rotational errors / errors: p % 0.0123) ( Figure 2D) . Although results show a slight preference for the correct corner in that initial approach, individual statistics show no significant differences between the correct corner and the rotational error (rotational errors / preferred: p > 0.2295). Thus, in these particular conditions, the ants seem to rely only on geometry during their initial approach to a corner. However, once having arrived about 10 cm from the wrong visual pattern, they systematically executed a U-turn and went back toward the opposite correct corner ( Figure 3D ).
During the nondifferential conditioning experiment (Figure 2C) , ants relied on the shape of the arena but did not use the visual features. Analogous surprising results have also been found in vertebrate species [3] . To explain both the use of geometry and the absence of use of featural information, several interesting studies suggest the presence of a geometric module in the animal's brain [1, [16] [17] [18] [19] . However, this process, supposed to extract and work solely on the geometry [2] , is very complex from a neurophysiological point of view, and it is presumed to be located in the vertebrate's hippocampus [20, 21] . Should we invoke such a complex system in an insect minibrain? Our results can be more parsimoniously explained. Since Cartwright and Collett's seminal work [22, 23] , researchers working on insect navigation have agreed that insects in general and ants in particular preferentially use a view-based matching strategy to recognize landmarks and to relocate a target [24, 25] . In order to return to a crucial place, like the nest, insects rely on a memorized view previously taken at that goal location. They achieve their displacement by comparing their current view with the memorized target view, moving from higher levels of mismatch to lower levels of mismatch. When the two views are perfectly matching, the goal is reached. Interestingly, recent simulations and tests in virtual reality show that following such a global image-matching gradient-descent algorithm (with the reference image taken at the target corner) could produce rotational errors [26] . From the center of the rectangular arena, the visual weight of its global shape, covering most of the visual field, is much more important than the visual weight of the features located in the corners, creating prominent local minima in mismatch at each of the two diagonally opposite corners. In other words, there is no need to extract the geometry of the environment via a geometric module to exploit the shape of the rectangular arenas. The imagematching model can explain rotational errors even in the presence of distinct shape in the corner (Figure 2 in [26] ). But in that case, because of the presence of these features, the match is slightly better at the correct corner. This may explain the slight bias observed in the ants toward a correct corner ( Figures 2C and 2D) . The results obtained with these computational models, similar to the data with ants, strongly reinforce the hypothesis that ants' rotational errors result from the use of a global view-based matching strategy rather than from the use of a geometric module. Indeed, the brain of insects has no hippocampus, and insects are well known for using a view-matching strategy, which is parsimonious from a neural point of view [27] .
Our results are quite similar to those obtained in vertebrates. They provide the first experimental biological support for the idea [28] that the use of what has been called ''the geometry of space'' in the literature arises from a view-based matching strategy without the extraction of any geometric properties. But how can we explain from a view-based-matching point of view the ants' use of the information provided by the black shapes in the corner during the differential conditioning procedure ( Figure 2D)? A Second View-Based Matching Process Is Involved Contrary to the nondifferential conditioning procedure (Figure 2C) , ants used the featural information in the differential conditioning procedure, although they determined their initial approach to a corner by relying on the global shape of the arena ( Figure 2D ). For those that performed the rotational error and thus arrived in front of the wrong black feature, they clearly used featural information to reject that corner without entering into the blocked exit hole. They made a U-turn at this location and headed back directly to the opposite, correct corner ( Figure 3D ).
Provided with a simple global matching gradient-descent algorithm, an agent approaching the rotational error corner would get stuck. First, it would be repelled from that corner because of the increased mismatch caused by the wrong feature; second, it will be pushed back toward it because of the rectangular shape of the arena. The rotational-error corner is indeed located at a local minimum in mismatch [26] . However, in our experiment, the ants do not get stuck in the vicinity of such a corner but make a U-turn and head to the correct corner. Therefore, there must be a ''change of state.'' In order for an ant to leave that local minimum and avoid being stuck, its standard gradient-descent view-based matching process should be temporarily inhibited, and be replaced with a visuo-motor routine executing a U-turn. The trigger for the visuo-motor routine could be the view at the rotationalerror corner, which has been associated with a negative outcome (an obstructed pipe). Alternatively, it could be based on the level of mismatch at the rotational-error corner. If the mismatch value is still too high (because of the presence of a wrong black shape), the gradient-descent matching process is inhibited and the U-turn triggered.
These alternative hypotheses were tested in the next experiment. After having performed their 35 paths (five unrecorded and 30 recorded) in the differential conditioning procedure, each of these ants (n = 7) was tested once with a new condition: the four black shapes in the corners were all transposed clockwise ( Figure 4A ). In conformity with the gradient-descent matching process, all the ants first used the global shape of the arena and thus approached one of the two geometrically correct corners during their test ( Figure 4A ). But once they arrived at the local minimum, instead of the black shapes they usually experienced, the ants faced one of the shapes previously located in the geometrically incorrect corners, the two shapes that had been encountered the least. In that test, six of the seven ants made a U-turn, that is, behaved in the same way as when they were facing the familiar wrong black shape located in the rotational-error corner during the normal condition ( Figure 4B) . If the U-turn was triggered by a memorized view taken at the rotational-error corner (stored negative pattern), the ants should have attempted to go through the hole because the trigger for the U-turn (the familiar feature at the rotational-error corner) was missing. Results do not support this claim (% U-turn correct / other p = 0.014). The hypothesis of a supplementary view memorized at the rotational-error corner (stored negative pattern) can therefore be rejected. Consequently, it seems that when they arrived at a local minimum, the ants assessed the quality of the match between the current view and the memorized target view and executed a U-turn because the mismatch was too high. Further supporting this hypothesis is the result that the ants spent more time in the arena before attempting to enter a hole ( Figure 4B) .
Thus, the apparent distinction between the ''geometry of space'' on the one hand and the ''features'' on the other hand could simply result from two successive processes of view-based matching. Ants do not first use geometry and, in a second stage, extract and consider the features in a separate way. Instead, they start by following a global matching gradient-descent algorithm, and second, they consider the quality of the match at a local minimum to decide whether to go through or inhibit the gradient-descent matching process and execute a U-turn. . During the test condition, the black shapes located in the geometrically correct corners (gray dots) are different from those experienced during the normal condition at the correct corner (black dot) and at the rotational error corner (white dot). (B) Number of ants out of seven displaying a U-turn and mean time spent (the error bar indicates standard deviation) in the arena before entering a hole when approaching (1) the correct corner during the normal condition; (2) the rotational-error corner during the normal condition; and (3) the geometrically correct corner during the test condition. For each ant, only the last trial of the normal condition for both the approach to the correct corner and the approach to the rotational-error corner are considered here.
Flexibility in the View-Based Matching Processes Involved
Interestingly, different training conditions generate different patterns of results. U-turns were triggered mostly in the differential conditioning procedure ( Figure 2D ) and rarely during the nondifferential conditioning procedure ( Figure 2C ). Ants spontaneously behave as though they are following a global matching gradient-descent algorithm, but the presence of a negative outcome, like an obstructed pipe, seems to trigger an additional process judging the degree of mismatch at the local minima. These results imply that ants are able to adapt viewbased matching processes according to need. This flexibility may help ants to reduce the cognitive load of spatial information processing during navigation.
Overall, these results raise the hypothesis that insects are guided more by global views than by individual landmarks. Within a cluttered environment like the rainforest, relying on the global view instead of focusing on particular landmarks leads to continuous use of the relationships between large, conspicuous, and extended objects. Contrary to a landmarkextraction strategy, such a global strategy avoids the risk of confusion between similar landmarks and is thus more robust against the natural changes of the scenery. However, we have shown that ants can also resort to proximal information when necessary. This is because once the ants arrive in the neighborhood of the target, the contribution of the ''features'' to the global view increases. In natural conditions, furthermore, insects use and memorize proximal landmarks precisely when approaching the nest entrance [10] [11] [12] .
Conclusions
Our study shows for the first time that an insect makes similar errors as vertebrates when relocating a goal in the corner of a rectangular arena. In addition, our results strongly support the recent modeling and empirical studies [26, 28, 29] that cast doubt on a ''geometrical module'' and thus stress the view-based-matching hypothesis that is widely accepted in the insect literature.
Studies on the use of landmarks in a variety of animals have found differences between species. Some results in pigeons or humans seem difficult to explain with a pixel-by-pixel image-matching strategy [18, 30] . In invertebrates, our study has shown flexibility in the use of view-based matching: U-turns are triggered when a poor match leads to adverse consequences. This behavior has not been described yet in vertebrate animals moving in rectangular arenas, although most of these studies have not looked closely at the paths taken by animals. It would be instructive to compare such paths across species; such analyses would help constrain models for explaining behavior.
Experimental Procedures Species
Colonies of Gigantiops destructor were captured in the rain forest of French Guyana and were reared in the experimental room in Toulouse (temperature, 29 C; humidity, 50%). All the experiments were performed with individually marked foragers of Gigantiops destructor from four different colonies.
Experimental Set-Up and Protocol
Foragers climbed freely on a piece of paper and were transferred from their nest to a 50-cm-long plastic channel, where they performed their outbound trip toward the feeder site. Once the single Drosophila provided by the experimenter was captured and killed, the homing ant transporting its prey was gently carried via an opaque plastic tube directly underneath the experimental arena. The rectangular arena was 80 cm long and 40 cm wide, with 20-cm-high white walls, corresponding to the size proportions of the experimental arenas used in vertebrate studies. To leave the opaque tube, disorientated ants had to go through a hole drilled in the table leading them to the center of the arena. One exit hole was pierced in each corner and connected via a 10-cm-long plastic tube to a plastic box placed outside the arena. The four exits potentially allowed ants to return to their nest except in experiment 4, where three of the four plastic tubes were obstructed at the end. Once the ant arrived inside an exit box, it was immediately replaced in its nest. After a few minutes spent inside the nest, the ant was generally ready to start again. The first five trips were considered as training, and the 30 following trips were recorded. In experiments 2, 3, and 4, the arena was covered by an opaque plastic dome (from the first trip of each ant onward) in order to avoid the use of external or lighting cues. The dome was lit up diffusely by a white circline fluorescent lighting (32W).
Data Collection and Statistics
The trips of the ants inside the arena were recorded with a Sony Black & White CCD video camera suspended from the ceiling via a pole and adjusted to fit the circular hole (5 cm diameter) at the top of the dome. The video image of the arena was recorded with a S-VHS Panasonic tape recorder (frame rate 25 frames/s). We measured on the recorded paths the two following data for each homing trip: (1) the initial approach to a corner and (2) the first exit chosen among the four available. Once the ant went through an exit hole, the exit choice was considered to have been performed. The initial approach to a corner was recorded when the ants crossed for the first time one of the four fictive arcs of circle centered at each corner (see Figure 1B) . For each ant, binomial statistical tests were used both for the exit data and for the initial-approach data. (1) To determine the use of geometry information, we compared the ratio of the number of rotational errors (i.e., choices of the corner diagonally opposite to the preferred one) to the number of the two other errors (i.e., choice of the corners located along the wrong diagonal). (2) To determine the use of featural information, we did the following: (a) for ants with significant rotational-error results, we compared the number of choices for the preferred corner to the number of rotational errors; and (b) for ants with no significant rotational errors results, we compared the number of choices for the preferred corner to the number for the three other corners. To ensure that the sequence of choices (between the correct corner and the rotational-error corner) is randomly distributed along the trials, we performed a ''runtest'' of the program SATA for each ant displaying systematic rotational errors during experiments 2 and 3 (two-tailed p > 0.12).
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